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MEC1-Dependent Redistribution
of the Sir3 Silencing Protein from Telomeres
to DNA Double-Strand Breaks
Evidence suggests that a primary cause of A-T pheno-
types is a defect in DSB repair and immunoglobulin
class switching (reviewed in Jeggo et al., 1998). Compo-
nents of mammalian NHEJ machinery have been identi-
fied, including the Ku70 and Ku80 end-binding proteins
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(Mimori et al., 1990; Takiguchi et al., 1996), ligase IV (Wei
et al., 1995; Robins and Lindhal, 1996), and DNA-depen-
dent protein kinase, DNA-PKcs (Hartley et al., 1995). TheSummary
mechanism by which ATM regulates DNA repair is
largely unknown.The yeast Sir2/3/4p complex is found in abundance at
In addition to DNA repair machinery, cells require atelomeres, where it participates in the formation of
mechanism to prevent cell cycle progression until a le-silent heterochromatin and telomere maintenance.
sion is repaired. Cell cycle checkpoints monitor the stateHere, we show that Sir3p is released from telomeres
of the DNA and arrest cells if damage is detected. Inin response to DNA double-strand breaks (DSBs),
yeast, the DNA damage checkpoint requires at leastbinds to DSBs, and mediates their repair, independent
eight genes: RAD9, RAD17, RAD24, RAD53, MEC1,of cell mating type. Sir3p relocalization is S phase
DDC1, DUN1, and MEC3 (reviewed in Weinert, 1998).specific and, importantly, requires the DNA damage
The products of these genes sense DNA damage, slowcheckpoint genes MEC1 and RAD9. MEC1 is a homo-
the cell cycle, and transduce a signal to repair machinerylog of ATM, mutations in which cause ataxia telangiec-
by mechanisms that are poorly understood. MEC1,tasia (A-T), a disease characterized by various neuro-
RAD9, and RAD53 integrate numerous inputs, monitor-logic and immunologic abnormalities, a predisposition
ing chromosomal integrity and DNA replication to coor-for cancer, and a cellular defect in repair of DSBs. This
dinate cell cycle progression.novel mode by which preformed DNA repair machinery
The yeast silent information regulatory complex, com-is mobilized by DNA damage sensors may have impli-
posed of Sir2p, Sir3p, and Sir4p, is required for tran-cations for human diseases resulting from defective
scriptional repression of the silent mating type loci andDSB repair.
genes placed within telomeric regions (Aparicio et al.,
1991). Sir proteins are believed to repress transcriptionIntroduction
by polymerizing across nucleosomes to create an inac-
tive heterochromatic state (Grunstein, 1997). In youngDamaged DNA poses a serious risk to the integrity of
cells, the Sir complex may be visualized at telomericthe cell, while improper repair can be mutagenic or le-
foci near the nuclear periphery. However, as cells age,thal. One catastrophic type of lesion is the DNA double-
the Sir complex relocalizes to the nucleolus, where cir-strand break (DSB), which, if improperly repaired, can
cular ribosomal DNA molecules accumulate (Kennedydirectly lead to many types of cancer (Vamvakas et al.,
et al., 1997; Sinclair and Guarente, 1997).1997). DSBs can be repaired without a loss of information
Interestingly, the Sir complex has also been impli-in two ways: homologous recombination and nonho-
cated in NHEJ. Sir4p physically interacts with Hdf1pmologous end joining (NHEJ) (Kanaar and Hoeijmakers,
(yeast Ku70), and mutation of the Sir complex results in1997). Defects in DSB repair machinery are implicated
deficient repair of linear plasmids (Boulton and Jackson,in a number of inherited human diseases, including Nij-
1998; Tsukamoto et al., 1998). In addition, Hdf1p is phys-mengen break syndrome (Carney et al., 1998; Varon et
ically associated with telomeres and is crucial for telo-al., 1998) and ataxia telangiectasia (A-T) (Shiloh and
mere maintenance and silencing (Boulton and Jackson,Rotman, 1996; Jeggo et al., 1998).
1996, 1998; Gravel et al, 1998; Laroche et al., 1998). ItThe gene mutated in A-T, ATM (Savitsky et al., 1995),
was recently indicated that mutations in the SIR geneshas homology to a family of PI 3-kinase-like genes, in-
may affect NHEJ indirectly by creating an a/a cell typecluding human DNA-PKcs (Hartley et al., 1995), S. pombe
which itself represses NHEJ (Astrom et al., 1999). Here,RAD3 (Bentley et al., 1996), S. cerevisiae MEC1 (Kato
we show that Sir3p acts directly in DSB repair by dissoci-and Ogawa, 1994; Weinert et al., 1994), and TEL1 (Mor-
ating from telomeres and associating with broken DNA.row et al., 1995). A-T cells are 3±5 times more sensitive
This redistribution requires the MEC1 and RAD9 check-to agents that generate DSBs (Hittelman and Sen, 1988;
point genes and is cell cycle dependent. These findingsSullivan and Lyne, 1990) and retain a higher residual
may also have implications for mechanisms of DSB re-level of DSBs following irradiation (Foray et al., 1997;
pair in mammals.Zhou et al., 1998).
ATM has been proposed to play a critical role in the
DNA damage response network by arresting the cell Results
cycle and activating relevant DNA damage repair genes.
Sensitivity of sir Mutants to DSBs
To investigate the role of the Sir proteins in NHEJ in* To whom correspondence should be addressed (e-mail: leng@
vivo, we utilized a system that produces lesions predom-mit.edu).
² These authors contributed equally to this work. inantly addressed by this mode of repair (Lewis et al.,
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Figure 1. Enhanced Sensitivity of SIR2, SIR3, and SIR4 Mutants to EcoRI
(A) W303AR5 (Table 2) cells containing plasmid-borne galactose-inducible EcoRI (YCpGAL:RIb) were grown in SC-URA1gal and harvested
at the indicated times to test viability. Isogenic mutant derivatives of W303AR5 were treated identically to wild type. Survival was scored by
colony growth on yeast extract-bactopeptone-glucose (YPD) medium and expressed as plating efficiency normalized to the uninduced control.
(B) Efficiency of transformation with SacI-linearized pRS316 was determined for isogenic wild-type, hdf1, sir2, sir3, sir4, sir2 hmla, sir3 hmla,
and sir4 hmla strains. Transformation efficiency is expressed as a fraction of the efficiency in the wild-type strain. Averages from at least five
independent experiments are shown.
(C) Isogenic strains of W303AR5 with the indicated genotypes were scored for sensitivity to EcoRI expression as described in (A).
(D) Cells were treated as in (A), and genomic DNA was prepared (Lewis et al., 1998) from samples taken at 0, 5, and 10 hr and subjected to
electrophoresis using a 0.5% agarose gel and stained with ethidium bromide. DNA size standards are shown in kilobase pairs (kb).
1998). DSBs were introduced by expressing the restric- DNA repair (Heude and Fabre, 1993; Astrom et al, 1999),
we wished to reassess the influence of cell type ontion endonuclease EcoRI from a galactose-inducible
promoter (Barnes and Rine, 1985; Barnes and Rio, 1997; NHEJ. The efficiency of plasmid recircularization was
compared in isogenic wild-type, hdf1, sir, and sir hmlaLewis et al., 1998), which generated broken DNA ends
that are recognized by the Ku heterodimer (Barnes and strains. Deletion of HMLa in the sir2, sir3, or sir4 strains
restores a mating type proficiency. Consistent with pub-Rio, 1997; Lewis et al., 1998).
We compared the EcoRI sensitivity of SIR mutants lished results (Boulton and Jackson, 1998; Tsukamoto
et al., 1998), strains mutant for hdf1, sir2, sir3, or sir4and homologous recombination (rad52) or NHEJ (hdf1)
mutants. As expected, hdf1 cells were more sensitive transformed 20- to 50-fold less efficiently with linear
plasmid than wild type (Figure 1B). Transformation effi-than rad52 cells to EcoRI induction (Figure 1A). Consis-
tent with a role in NHEJ, strains mutant for SIR2, SIR3, ciencies of the sir hmla double mutants were 2- to 5-fold
greater than those of the sir single mutants but stillor SIR4 were at least as sensitive as an hdf1 strain
to EcoRI cleavage. As controls, strains containing the substantially less than that of wild type. This indicates
that cell mating type has only a partial influence on theplasmid pRS316 exhibited no change in plating effi-
ciency after 4 hr of growth in medium containing galac- repair of linear plasmid DNA.
The contribution of mating type to DSB sensitivity wastose (data not shown).
A plasmid-based transformation repair assay pro- determined by comparing survival of EcoRI induction in
wild-type, hdf1, sir2, and sir2 hmla strains (Figure 1C).vides another sensitive test of NHEJ efficiency. Under
selective conditions, cells transformed with linearized The sir2 and hdf1 strains were 5- to 10-fold more sensi-
tive than wild-type after as much as 20 hr of EcoRIcentromeric plasmids will not form colonies unless the
plasmid is recircularized. The efficiency of recirculariza- induction. Deletion of HMLa from the sir2 strain did
not confer any greater resistance to EcoRI expression.tion is expressed as a fraction of the transformation
efficiency of linear to circular plasmids. Similar to sur- Importantly, these results demonstrate that the sensitiv-
ity of sir mutants to chromosomal DSBs is not due tovival following induction of chromosomal breaks, NHEJ
repair of linear plasmids requires SIR genes (Tsukamoto cell mating type effects and suggests a direct role for
SIR2, SIR3, and SIR4 in facilitating DSB repair.et al., 1998; Boulton and Jackson, 1998). Because cell
mating type has been implicated in the regulation of To verify that the lethality in SIR mutant strains was
MEC1-Dependent Binding of Sir3p to DSBs
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Figure 2. DSBs Induced by EcoRI Result in S Phase Redistribution of Sir3p
(A) W303AR5 cells containing a plasmid control (pRS316) were arrested in G1 with a factor, shifted to SC-URA1gal medium for 3 hr, released
into YPD lacking a factor, and samples were taken throughout the ensuing cell cycle for immunofluorescence and FACS. Cells were stained
with goat fluorescein isothiocyanate (FITC)-conjugated IgG against rabbit anti-Sir3p (green) and DAPI (blue). Cell cycle progression was
monitored using FACS analysis to score genomic DNA content from unreplicated (G1) to replicated (G2).
(B) Cells containing plasmid-borne EcoRI (YCpGAL:RIb) were analyzed as described in (A).
associated with DNA cleavage, genomic DNA from wild- an asynchronous culture (data not shown). In contrast,
greater than 99% of cells retained telomeric foci in thetype and mutant cells was analyzed after induction of
EcoRI (Figure 1D). By 5 hr of induction, genomic DNA uninduced control. To determine whether those cells
showing redistribution of Sir3p were in a particularexhibited cleavage, reducing the average size of DNA
fragments from 45 kb to 33 kb. By 10 hr the average phase of the cell cycle, we arrested cells in the G1 phase
with a factor and transiently induced EcoRI by changingfragment size in sir2, rad52, and hdf1 mutant strains
was approximately 20 kb. The average size of the geno- the carbon source to galactose (Figure 2). Cells lacking
inducible EcoRI were used as a control (Figure 2A). Sir3pmic DNA from the sir2 rad52 strain after EcoRI induction
was approximately 10 kb smaller than from the single localization was then monitored by immunofluorescence
after cells were released from the a factor block, shiftedmutants, indicating that this strain was particularly defi-
cient in DSB repair. to glucose media, and allowed to progress through the
ensuing cell cycle. Cells retained a telomeric staining
pattern as long as they were held in G1, even underCell Cycle±Dependent Relocalization of Sir3p
To test the possibility that the Sir complex can relocalize continuous EcoRI induction (data not shown). When
damaged cells were allowed to pass from G1 to S phase,in response to DNA damage, we induced DSBs by ex-
pressing EcoRI and determined the resulting distribution Sir3p redistributed in a diffuse pattern throughout the
nucleus in greater than 90% of the cells (Figure 2B). Asof Sir3p. After 3 hr of EcoRI induction, a diffuse but
intense pattern of Sir3p staining was observed through- these cells exited S phase, Sir3p staining returned to
its telomeric pattern.out the nucleus in approximately 20% of the cells in
Cell
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Figure 3. Redistribution of Sir3p in Response
to DSBs
(A) JKM139 cells containing a galactose-
inducible HO endonuclease and lacking HML
and HMR were grown in YPD medium, ar-
rested in G1 by treatment with a factor,
shifted to YEP medium containing 3% galac-
tose plus a factor for 4 hr, then released into
fresh YPD medium. Cell cycle and immunoflu-
orescence analyses were performed as de-
scribed in Figure 2.
(B and C) W303AR5 cells were grown in YPD,
arrested in G1, and treated with the indicated
agent. Sir3p localization and FACS analysis
were performed as described for Figure 2. (B)
Cells treated with 0.02% MMS for 3 hr prior
to release from G1 arrest. (C) Cells treated
with 20 mg/ml bleomycin for 2 hr prior to re-
lease from G1 arrest.
(D) Telomeric silencing is abrogated in the
presence of bleomycin. PSY316AT (ADE2-
TEL) or PSY316 (ade2) cells were grown for
4 days on either YPD medium or YPD me-
dium containing 20 mg/ml bleomycin sulfate
(YPD1bleo).
The above results show that Sir3p is released from III at the MAT locus using a galactose-inducible HO
endonuclease. To prevent DSB repair by homologoustelomeres in response to EcoRI-generated DSBs. Fur-
ther, the release only occurs upon entry into S phase, recombination or gene conversion using homologous
sequences at HML and HMR, we utilized a strain deletedafter which normal telomere localization returns in G2.
for these loci (gift of S. E. Lee and J. Haber). Unlike the
repair of the EcoRI breaks, the repair of the chromosomeA Single DSB Can Elicit Sir3p Redistribution
As a further test that Sir3p responds specifically to III DSB in this strain is inefficient, so damaged cells
traverse S phase and arrest in G2 (Lee et al., 1998).DSBs, a single break was introduced into chromosome
MEC1-Dependent Binding of Sir3p to DSBs
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Figure 4. Sir3p Is Not Released from Telomeres in Response to UV or g Irradiation
W303AR5 cells were grown in YPD, arrested in G1, and treated with the indicated agent. Sir3p localization and FACS analysis were performed
as described for Figure 2.
(A) Cells treated with UV irradiation (60 J/m2) during G1 arrest.
(B) Cells treated with g irradiation (4 Krad) during G1 arrest. Following irradiation, UV- or g-treated cultures each exhibited approximately 20%
survival.
As with EcoRI, induction of a single DSB in G1 resulted DSB Specificity of Sir3p Redistribution
To further characterize the types of DNA lesion that elicitin redistribution of Sir3p following passage into S phase
(Figure 3A). Restoration of a telomeric pattern after S the Sir3p response, we performed identical cell cycle
analyses using a variety of DNA-damaging agents (Fig-phase was less evident after HO damage than after
EcoRI damage, perhaps owing to the persistence of the ures 3A±3C). The radiomimetic agent methylmethane
sulfonate (MMS) produces 3-methyl adenine adducts atDNA break into the G2 phase. These results provide
further evidence that Sir3p redistributes in response to a high frequency but is also known to produce other
types of lesions, including DSBs (Mitchel and Morrison,DSBs incurred during G1. Since a single DNA break is
sufficient to cause the dispersal of the entire cellular 1987; Schwartz, 1989). The radiomimetic anti-tumor agent
bleomycin generates DSBs as its major product (Hecht,complement of Sir3p, the response cannot simply be
due to titration of Sir proteins to DNA breaks by affinity. 1986). Identical to the effect seen with EcoRI damage,
treatment with 0.02% MMS (Figure 3B) or 20 mg/ml bleo-This result implies that the release of telomere-bound
Sir proteins is an active process that may require sensi- mycin (Figure 3C) in G1 resulted in redistribution of Sir3p
in S phase.tive DSB sensors.
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Figure 5. Sir3p Relocalization in Response to DSBs Requires the MEC1 and RAD9 Checkpoint Genes
Cells containing YCpGal:RIb were arrested in G1, shifted to SC-URA1gal medium for 3 hr, and cell cycle analyses were performed as previously
described for Figure 2.
(A) W303-1A mec1-1 (Weinert et al., 1994).
(B) W303AR5 rad9::kanR (Lee et al., 1998).
To determine whether the redistribution of Sir3p af- Sir3p redistribution. Consistent with this prediction, cells
irradiated with UV retained a telomeric pattern of Sir3fects the state of telomeric silencing, we examined the
expression of a telomeric ADE2 gene in the presence staining during arrest and passage through S phase
(Figure 4A). We also examined Sir3p relocalization fol-of the DSB-inducing agent bleomycin. Yeast cells that
do not express ADE2 form red-pigmented colonies on lowing g irradiation. As with UV irradiation, Sir3p did not
redistribute during any phase of the cell cycle followingmedium containing low levels of adenine. Cells that con-
tain ADE2 in proximity to a telomere develop red-sec- g irradiation during G1 (Figure 4B). Interestingly, only
those agents to which Ku-deficient cells are sensitivetored colonies due to heritable Sir-dependent transcrip-
tional silencing (Gottschling et al., 1990; Aparicio et al., (Mages et al., 1996; Milne et al., 1996; Moore and Haber,
1996; Siede et al., 1996; Teo and Jackson, 1996) cause1991). In support of immunofluorescence data that show
that Sir3p is released from telomeres following induction the redistribution of Sir3p.
of DSBs, transcriptional repression of the telomeric
ADE2 gene was compromised when cells were grown Sir3p Redistribution Requires the DNA
in the presence of bleomycin (Figure 3D). Damage Checkpoint
Since UV damage is predominantly repaired by nucle- Mutation of genes involved in the yeast DNA damage
checkpoint results in defects in both cell cycle arrest andotide excision, UV irradiation was not expected to evoke
MEC1-Dependent Binding of Sir3p to DSBs
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Figure 6. Sir3p Dissociates from Telomeric DNA and Associates with DSBs
DNA±protein extracts (input) were incubated with anti-Sir3p and subjected to chromatin immunoprecipitation (ChIP) as described in Experimen-
tal Procedures.
(A) Schematic of primer pairs used for ChIP analysis.
(B) Sir3p is released from telomeric DNA at the right end of chromosome VI. W303AR5 (wt) or isogenic rad9D cells were transferred from SC-
URA1glu (2EcoRI) or SC-URA1gal (1EcoRI) for 4 hr. Chromatin immunoprecipitates were analyzed by PCR using TEL primer pairs.
(C) ChIP analysis following DSB induction and release into S phase using EcoD-1 and EcoD-2 primer pairs.
(D) ChIP analysis of Sir3p-associated chromatin following DSB induction in G1. Immunoprecipitates were analyzed using EcoD-3 and EcoP-1
primer pairs.
transcriptional induction of repair genes. To examine ends (Hecht et al., 1996; Strahl-Bolsinger et al., 1997).
Sir3p-associated chromatin was cross-linked in vivo,whether the DNA damage checkpoint pathway is re-
quired for release of the Sir complex, we followed Sir3p extensively sheared, immunoprecipitated, and analyzed
by PCR. Telomeric DNA was analyzed using primer pairslocalization in mec1-1 (Figure 5A) and rad9D (Figure 5B)
strains after induction of DSBs. Under the conditions to detect target sequences 300, 3500, or 5800 bp from
the right end of chromosome VI (TEL-300, TEL-3500,used here, mec1-1 or rad9D strains proceeded through
the cycle only slightly faster than wild type (data not and TEL-5800, respectively; Figure 6A). To determine
the specificity of the antibody for Sir3p-associated chro-shown). Cells in similar stages of S phase progression
are compared in Figure 5. In both mutant strains, Sir3p matin, wild-type or sir3D strains were subjected to ChIP
analysis with the TEL-300 primer pair. The absence ofremained telomeric throughout the cell cycle. In isogenic
wild-type strains, EcoRI induction resulted in normal detectable product after PCR from the sir3D precipitate
demonstrates that the presence of Sir3 protein is re-Sir3p redistribution (data not shown). Thus, in addi-
tion to their roles in cell cycle arrest and transcriptional quired to immunoprecipitate telomeric DNA with the
anti-Sir3p antibody (Figure 6B).activation, Mec1p and Rad9p communicate with telo-
mere-bound proteins, resulting in redistribution of the The association of Sir3p with telomeric chromatin was
monitored both before and after induction of EcoRI ex-Sir complex. We also examined whether another PI
3-kinase-related protein, TEL1 (Morrow et al., 1995), is pression and a strain mutant for RAD9 was included
as a control. Following DSB induction, the ability toinvolved in Sir3 redistribution. In a tel1D strain, the redis-
tribution of Sir3p following EcoRI induction was similar immunoprecipitate Sir3p-associated telomeric hetero-
chromatin was reduced substantially in wild-type but toto the wild type (data not shown).
a much lesser degree in the rad9D mutant using the
TEL-5800 primers (Figure 6B). This finding corroboratesSir3p Dissociates from Telomeric DNA
To obtain independent confirmation of Sir3p dissocia- the immunofluorescence data and indicates that Sir3p
leaves telomeres in response to DSBs. Dissociation oftion from telomeric DNA following induction of DSBs, we
utilized chromatin immunoprecipitation (ChIP) analysis. Sir3p from telomeric heterochromatin was more easily
detected further from the chromosome end, with a maxi-Sir3p has previously been shown to physically associate
with telomeric DNA up to at least 5 kb from chromosome mal dissociation difference between the wild type and
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rad9D observed using the TEL-5800 primers, and a mini- However, two observations argue against this possibil-
ity. First, we used polyclonal antibody directed againstmal difference using the TEL-300 primers. This may indi-
cate that silent heterochromatin disassembly begins at full-length Sir3p, minimizing the chance that detection will
be substantially altered due to conformational changes.telomere-distal regions and proceeds toward the end
of the chromosome. Second, identical results have been obtained using
Sir3p tagged with green fluorescent protein, without the
use of immunostaining (D. A. S. et al., unpublished data).
Association of Sir3p with a DSB Although the native yeast endonuclease HO has been
Because genetic experiments have provided strong evi- used in the study of DSB repair, we chose to utilize
dence that the Sir protein complex is directly involved EcoRI to analyze NHEJ in vivo for two reasons. First, like
in NHEJ, we wished to determine whether Sir3p can HO, EcoRI generates DNA ends that can be efficiently
physically associate with a DSB. Primer pair EcoP-1 recognized by NHEJ machinery. Importantly, this ma-
(ªproximalº) detects a target sequence between EcoRI chinery is also required for resistance to EcoRI expres-
sites within a cluster on chromosome XV. To control for sion, in vivo. Second, unlike HO, there is no evidence
the specificity of Sir3p association with DSBs, immuno- for a DNA repair mechanism dedicated specifically to
precipitates were also probed with three primer pairs the repair of EcoRI-generated DSBs. Cleavage by HO
distal to (i.e., far from) EcoRI sites. The EcoD-1 and at the MAT locus is the first step in the specialized
EcoD-2 (ªdistalº) primer pairs detect chromosome XV process of mating type switching by gene conversion.
target sequences approximately 15 kb from a cluster of Following cleavage, the HO endonuclease may not rap-
five EcoRI sites, and the EcoD-3 primer pair detects a idly release from a DNA end, perhaps forming higher-
chromosome III target sequence 3.1 kb from the nearest order stuctures at the break site (Jin et al., 1997). Addi-
EcoRI site. In these experiments, an equal amount of a tionally, it is possible that DNA repair mechanisms
plasmid PCR template was added to each reaction as unique to mating type interconversion may interfere with
an internal control for PCR efficiency and loading. processing by the NHEJ machinery.
To determine whether Sir3p could associate with DNA
adjacent to a DSB, cells were arrested in G1, damaged
Direct Role for Sir Proteins in Repair of DSBs
by EcoRI induction, and released into S phase. Samples
Previous work has demonstrated that SIR2, SIR3, and
for ChIP analysis were taken 45 min after release into
SIR4 are required for the efficient recircularization of
S phase, at a time when maximal Sir3p release was
linear plasmids by NHEJ (Boulton and Jackson, 1998;
observed. Additional samples were prepared from asyn-
Tsukamoto et al., 1998). More recently it was suggested
chronous, untreated cultures. Probing immunoprecipi-
that the role of SIR genes in NHEJ was mediated indi-
tates with EcoD-1 and EcoD-2 demonstrated that Sir3p
rectly by a change in the cell mating type in sir mutants
was not associated with DNA in these regions in either
(Astrom et al., 1999). Here, we provide three lines of
a wild-type or a rad9D strain either before or after induc-
evidence for a direct role of the Sir proteins in DSB
tion of EcoRI (Figure 6C). As in Figure 6C, target se-
repair. First, the simultaneous expression of a and a
quences distal to an EcoRI site were not detected in
mating type information in wild-type haploid cells only
immunoprecipitates with the EcoD-3 primer pair, before
partially influences the efficiency of repair of linear plas-
or after release into S phase (Figure 6D, upper panel).
mids. Also, in haploid cells lacking cryptic mating type
Strikingly, the EcoP-1 target sequence was detected in
loci, deletion of SIR genes reduces the efficiency of
immunoprecipitates after release into S phase, but not
NHEJ about 3-fold. Second, deletion of SIR2 renders
from untreated or G1-arrested cells (Figure 6D, lower
cells hypersensitive to the induction of EcoRI, and this
panel). Consistent with the finding that mutation of RAD9
hypersensitivity is not due to the cell mating type. Third,
abolishes Sir3p redistribution, deletion of RAD9 abol-
Sir3p can be cross-linked to DNA near sites of EcoRI
ished the association of Sir3p with DNA near the EcoRI
cleavage, but not to distal DNA, implying that a redistrib-
site cluster (Figure 6D, rad9).
uted Sir complex physically associates with DNA breaks.
It is possible that the difference between our findings
and those of Astrom et al. (1999) reflect the contributionDiscussion
of RAD5, a gene known to affect the type of repair at a
DSB (Ahne et al., 1997). W303-1A, which was used inOne central component of heterochromatin in yeast is
their studies, contains a point mutation in RAD5 (rad5-Sir3p, a protein that interacts with histones, other silenc-
535) that renders the protein partially inactive (Fan eting factors, and is a target for a variety of cellular signals
al., 1996). We have found that expression of a and a(reviewed in Stone and Pillus, 1998). The finding that Sir
mating type information in rad5-535 can influence theproteins are sequestered at telomeres led to the model
outcome of repair events involving linear plasmid DNAthat telomeres are sinks for Sir proteins that regulate
(K. M. and L. G., unpublished data).silencing at other loci (Marcand et al., 1996; Smith et
al., 1998). The results described here show that Sir3p
responds specifically to DSBs. We propose that telo- Reorganization of Sir3p Heterochromatin
following DNA Damagemeres are reservoirs for DNA repair proteins that can
be mobilized to other sites in the genome in response Immunofluorescence showed that Sir3p redistributes
during S phase following induction of DSBs in G1, sug-to DNA damage.
One possible explanation for the diffuse Sir3p staining gesting that the Sir protein complex is released from
telomeres to diffuse throughout the nucleus. Chromatinpattern is that DSBs induce changes in Sir3p conforma-
tion, revealing a previously masked pool of the protein. immunoprecipitation from wild-type cells confirmed that
MEC1-Dependent Binding of Sir3p to DSBs
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Figure 7. Model for DSB-Induced Redistribution of the Sir Complex
Generation of a DSB results in a DNA damage signal involving Mec1p, Rad9p, and Rad53p. This combines with a DSB-specific, S phase
event resulting in the dissolution of the telomeric Sir2/3/4p-Ku heterochromatic complex, beginning from sites more distal to the end of the
chromosome. The Ku heterodimer and Sir complex interact at the DSB to promote NHEJ, perhaps by preventing inappropriate recombination,
by preventing the passage of replication forks through the site, or by providing a constrained substrate for DNA ligase.
Sir3p is released from telomeric DNA substantially at 5 specificity, we propose the model in Figure 7. First, cells
sense DSBs via the Mec1p checkpoint signal transduc-kb from the end of chromosome VI following DNA dam-
age but less substantially 300 bp from the end of the tion pathway. Second, a unique signal originating from
DSBs provokes the release of the Sir complex fromchromosome.
Cells defective in hdf1 and thus NHEJ are sensitive telomeres. Third, DSBs nucleate the binding of a possi-
bly altered form of the Sir/Ku complex. Release of theto treatment with EcoRI, HO endonuclease, MMS, and
bleomycin but not UV or g irradiation. Only those DNA- complex and subsequent binding to DSBs occur selec-
tively during S phase, a point we consider further below.damaging agents to which hdf1 strains are sensitive
provoke Sir3p redistribution, showing a clear correlation ChIP assays suggest that Sir proteins peel off the chro-
mosome ends starting from sites most distal to telo-between the efficacy of NHEJ in repairing DNA damage
and the redistribution of the Sir complex. In addition, meres. As further evidence for an active signaling mech-
anism, a single DSB generated by the HO endonucleasethe recent results of Martin et al. (1999 [this issue of Cell])
indicate that Ku is also released from yeast telomeres in can result in Sir release. Since the majority of Sir3p is
released from telomeres following the induction of aresponse to DSBs. A picture emerges that telomeres
are storage sites (Maillet et al., 1996; Marcand et al., single DSB, we presume that only a fraction of the diffuse
Sir3p pool is recruited to each DNA break.1996) for preformed repair complexes involved in NHEJ.
Such a mechanism of mobilization could respond more Because stimulation of the Mec1p pathway is neither
cell cycle nor DSB specific, we propose an additionalreadily than those that require transcriptional induction
and protein synthesis. signal during S phase that recognizes DSBs and elicits
the release of the Sir complex from telomeres. This cellA direct role of Sir proteins in NHEJ may reflect a
function of heterochromatin in isolating broken DNA cycle specificity may help explain the findings of Moore
and Haber (1996) who noted that the repair efficiencyfrom the replication machinery or suppressing deleteri-
ous recombinational events. Alternatively, Sir proteins of a chromosomal DSB was 30 times higher when HO
was expressed throughout the cell cycle than when HOmay act as a splint, binding to nucleosomes surrounding
the break to provide chromosome stability or a more was expressed in G1.
constrained substrate for DNA ligase IV.
Implications for DNA Repair in Mammals
Mutations in the MEC1-related ATM gene cause A-T,MEC1 and RAD9 Control Sir3p Release
from Telomeres a disease characterized by various immunological and
neurological abnormalities, an increased incidence ofThe release of Sir3p in response to DSBs requires the
Mec1p pathway, since mutations in MEC1 or RAD9 pre- cancer, and a dramatic overreaction to DSB-inducing
agents. At the cellular level, A-T fibroblasts are alsovent release. Mec1p is known to phosphorylate Rad9p
in response to DNA damage in all phases of the cell specifically sensitive to DSB-inducing agents, but not
UV (Taylor et al., 1975, 1994). This sensitivity appearscycle. Although many forms of DNA damage can stimu-
late the Mec1p pathway (Emili, 1998), Sir3p release ap- to be due, in part, to an inability to efficiently repair DSBs,
which persist longer in these cells following damagepears to be specific to DSBs. In order to address this
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Table 1. Yeast Strains
Strain Genotype
W303-1A MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15 rad5-535
JKM139 MATa ade1 leu2-3,112 lys5 trp1::hisG ura3-52 hml::ADE1 hmr::ADE1 ade3::GAL-HO
YMP848 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15 rad5-535 mec1-1
DLY259 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15 rad5-535 mec2-1
PSY316 MATa ura3-53 leu2-3,112 his3-D200 ade2-101 can1-100
PSY316AT MATa ura3-53 leu2-3,112 his3-D200 ade2-101 can1-100 ADE2-TEL V-R
W303AR5 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5
MMY37 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 hdf1::HIS3
DSY961 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 rad52::URA3
DSY962 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir2::TRP1 rad52::URA3
DSY1034 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir2::TRP1
KMY285 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir2::TRP1 hml:LEU2
DSY924 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir3::HIS3
DSY880 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir3::URA3
KMY286 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir3::URA3 hml::LEU2
DSY1036 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir4::HIS3
KMY290 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 sir4::HIS3 hml::LEU2
KMY284 MATa ade2-1 leu2-3,112, can1-100, trp1-1 ura3-52, his3-11,15, rDNA-ADE2, RAD5 rad9::kanR
grown approximately 3 hr at 308C. Cultures were then split and(Blocher et al., 1991; Pandita and Hittelman, 1992; Foray
centrifuged to pellet cells. Pellets were washed with sterile wateret al., 1997). Our findings suggest that another defect
twice then resuspended in either SC-URA1glu or SC-URA1gal andin A-T cells may be the inability to mobilize the NHEJ
cultured at 308C. Transfer into SC-URA gal medium defined the zero
machinery in response to DSBs. time point. Aliquots were taken at the indicated times after induction,
In summary, our findings show that the Sir protein cell titer was determined by counting using a hemacytometer, and
cells were plated to rich medium containing 2% glucose (YPD).complex is directly involved in NHEJ and illuminate a
Survival was determined as cfu divided by cell titer at each timepathway by which preexisting repair proteins are rapidly
point.mobilized from telomeres to DSBs. This pathway links
checkpoint function and heterochromatin factors di-
Plasmid End-Joining Assays
rectly to DNA repair and may have implications for the Plasmid end-joining assays were performed using the yeast shuttle
understanding of human diseases arising from defective vectors pRS316 or pRS424. Plasmids were linearized within the
DSB repair. polylinker using SacI to provide DNA ends that lacked extensive
homology with the yeast genome. Yeast cells were transformed
using 150 ng of circular plasmid or 300±450 ng of linearized plasmidExperimental Procedures
by standard lithium acetate transformation procedure with 50 mg of
carrier DNA (salmon sperm DNA). Cells were plated onto SC-URAYeast Strains and Plasmids
medium to select for pRS316, or SC medium lacking tryptophan (SC-Yeast strains are listed in Table 1. W303AR was constructed by
TRP) to select for pRS424. Transformation efficiency is expressed asintegrating plasmid pDS40 into the rDNA of W303-1A. The rad5-535
cfu with linear plasmid divided by cfu with circular plasmid. Transfor-allele of W303AR (Sinclair and Guarente, 1997) was corrected by
mation efficiency in all mutant strains is normalized to the transfor-integrating plasmid pBJ6, which contains the RAD5 gene, on a 4.3
mation efficiency in the wild-type strain.kb HindIII/BamHI fragment in vector Ycplac33 (URA3) to generate
W303AR-URA3. The resulting strain was selected for loss of URA3
by passage over 5-fluoroorotic acid to generate W303AR5. SIR2 Immunoflourescence and FACS
was disrupted by integration of plasmid pC369, containing the TRP1 Polyclonal antibodies directed against Sir3p were generated in rab-
gene inserted into the BglII site of a SIR2 HindIII fragment in YIp5. bits (Covance). Full-length Sir3p was expressed in insect cells using
SIR3 was disrupted by integration of plasmid pSIR3.4, containing a baculovirus expression system (R. Lipford and S. Bell) and used for
the HIS3 gene inserted into the BglII site of a 1.8 kb BamHI fragment immunization. Antibody was affinity purified using the immunizing
of SIR3 in pBluescript. SIR4 was disrupted by integration of pMM10.7- antigen. Cells were prepared for immunofluorescence by fixation in
HIS4 digested with SphI/ClaI (Marshall et al., 1987). RAD52 was 3.7% formaldehyde. Fixed cells were washed once with 1 ml of cold
disrupted by integration of pSM20, containing the LEU2 gene in- YPD containing 1 M sorbitol (YPD-sorb) and resuspended in 1 ml
serted into the BglII site of a 2 kb RAD52 fragment. RAD9 was of cold YPD-sorb. Spheroplasts of fixed cells were obtained by
disrupted by integration of a PCR product containing the kanamycin treatment with Zymolyase for 30 min at 308C. Fixed spheroplasts
resistance gene (Lee et al., 1998). DSY1070 (tel1::URA3) was a seg- were analyzed by immunofluorescence essentially as described
regant of a cross between W303-1A and W1907-4A (Zhao et al., (Gotta et al., 1996). Digital images were obtained using a Hamma-
1998). The galactose-inducible EcoRI plasmid YCpGAL:RIb (Barnes matsu CCD camera controlled by OpenLab image acquisition
and Rine, 1985) was maintained in cells by selection in synthetic software.
complete yeast medium lacking uridine (SC-URA) and containing Preparation of cells for fluorescence-activated cell sorting (FACS)
2% glucose (SC-URA1glu). EcoRI expression was induced by trans- was performed as described in Bell et al. (1993) with the following
fer of cells from SC-URA1glu to SC-URA medium containing 3% modifications. Between 106 and 107 cells were harvested, resus-
galactose as the sole carbon source (SC-URA1gal). Induction was pended by the dropwise addition of 70% EtOH, and incubated at
typically carried out for 4±5 hr at 308C. 48C for 6±48 hr. Cells were pelleted by centrifugation for 1 min in a
microcentrifuge (12,000 3 g) and resuspended in 1 ml of 50 mM
sodium citrate buffer (pH 7.4). Cells were dispersed by sonicationSurvival Assays
To test survival following induction of DSBs, all strains were treated and resuspended in 1 ml of 50 mM sodium citrate buffer (pH 7.4)
containing 250 mg/ml RNase A and incubated for 2 hr at 558C.identically. Cells containing either YCpGAL:RIb or the control plas-
mid pRS316 were pregrown at 308C overnight in SC-URA1glu. Over- Proteinase K (50 ml of 20 mg/ml) was added, and cells were incu-
bated for another 2 hr at 558C. Propidium iodide (1 ml of 16 mg/ml)night cultures were diluted 1:50 into SC-URA1glu medium and
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DNA replication, and cell cycle arrest phenotypes of Ku-deficientTable 2. Oligonucleotide Sequences
Saccharomyces cerevisiae. Proc. Natl. Acad. Sci. USA 94, 867±872.
Oligonucleotide Sequence Bell, S.P., Kobayashi, R., and Stillman, B. (1993). Yeast origin recog-
nition complex functions in transcription silencing and DNA replica-TEL-300.fwd GGATATGTCAAAATTGGATACGCTTATG
tion. Science 262, 1844±1849.TEL-300.rev CTATAGTTGATTATAGATCCTCAATGATC
Bentley, N.J., Holtzman, D.A., Flaggs, G., Keegan, K.S., Demaggio,TEL-3500.fwd TGATTCTGCTTTATCTACTTGCGTTTC
A., Ford, J.C., Hoekstra, M., and Carr, A.M. (1996). The Schizosac-TEL-3500.rev AGAGTAACCATAGCTATTTACAATAGG
charomyces pombe rad3 checkpoint gene. EMBO J. 15, 6641±6651.TEL-5800.fwd TGAAAGTGCCAATTTGCTCATCAGTGC
TEL-5800.rev AAAGCCACTTTGTTCATCTGGATTACG Blocher, D., Sigut, D., and Hannan, M.A. (1991). Fibroblasts from
EcoD-1.fwd GTAGTTCGTTAGGTATGGACATTGATTTGGCC ataxia telangiectasia (AT) and AT heterozygotes show an enhanced
EcoD-1.rev AAATGAAATGTATTGGGGCCTAGGTTCGCA level of residual DNA double-strand breaks after low dose-rate
EcoD-2.fwd TGTCTCTGTTGTGGTAGCTTTGATCGCATG gamma-irradiation as assayed by pulsed field gel electrophoresis.
EcoD-2.rev CCCTCCAATTCGTTAAGTCTATTGCAGTAATTCC Int. J. Radiat. Biol. 60, 791±802.
EcoD-3.fwd TCTACTTGCCTCTTTTGTTTATGTC Boulton, S.J., and Jackson, S.P. (1996). Identification of a Saccharo-
EcoD-3.rev GATCCAACAACAACCTAGAGTAATG myces cerevisiae Ku80 homologue: roles in DNA double strand
EcoP-1.fwd GAATATTAGTATCGTGAGAGATATCGG break rejoining and in telomeric maintenance. Nucleic Acids Res.
EcoP-1.rev GGGTATGCCATTTTCATCCCTAAGTAC 24, 4639±4648.
HIS3.fwd AAAAAGGCCTGGAAGTCATAACACAGTCCTT
Boulton, S.J., and Jackson, S.P. (1998). Components of the Ku-
HIS3.rev AAAAACTTAAGAATAATCGGTGTCACTACATA
dependent non-homologous end-joining pathway are involved in
telomeric length maintenance and telomeric silencing. EMBO J. 17,
1819±1828.
was added, and FACS was performed on a Beckman-Dickson FAC- Carney, J.P., Masser, R.S., Olivares, H., Davis, E.M., Le Beau, M.,
Scan using CellQuest software. Yates, J.R., III, Hays, L., Morgan, W.F., and Petrini, J.H. (1998). The
hMre11/hRad50 protein complex and Nijmegen breakage syn-
Chromatin Immunoprecipitation drome: linkage of double-strand break repair to the cellular DNA
Yeast were grown in 100 ml of SC-URA1glu to OD600 5 1.2. For cell damage response. Cell 93, 477±486.
cycle analyses, cells were arrested in G1 by treatment with 26 mg/ml
Emili, A. (1998). MEC1-dependent phosphorylation of Rad9p in re-
a mating pheromone (Sigma). EcoRI expression was induced by
sponse to DNA damage. Mol. Cell 2, 183±189.
transfer to SC-URA1gal containing 26 mg/ml a mating pheromone
Fan, H.Y., Cheng, K.K., and Klein, H.L. (1996). Mutations in the RNAfor 4 hr, followed by release into fresh SC-URA1glu. Immunoprecipi-
polymerase II transcription machinery suppress the hyperrecombi-tation of cross-linked DNA was performed essentially as described
nation mutant hpr1D of Saccharomyces cerevisiae. Genetics 142,(Strahl-Bolsinger et al., 1997) using polyclonal rabbit anti-Sir3p anti-
749±759.bodies. PCR analysis of immunoprecipitated DNA was performed
Foray, N., Priestly, A., Alsbeih, G., Badie, C., Capulas, E.P., Arlett,in 100 ml of reaction volume using 100 pmol primer. DNA from
C.F., and Malaise, E.P. (1997). Hypersensitivity of ataxia telangiecta-precleared whole-cell extract (designated ªinputº) was used at a
sia fibroblasts to ionizing radiation is associated with a repair defi-1:10,000 dilution, and immunoprecipitated DNA was used at a 1:20
ciency of DNA double-strand breaks. Int. J. Radiat. Biol. 72, 271±276.or a 1:100 dilution. PCR reaction parameters were as described
(Strahl-Bolsinger et al., 1997), and oligonucleotides are listed in Gotta, M., Laroche, T., Formenton, A., Maillet, L., Scherthan, H., and
Table 2. PCR products were analyzed by electrophoresis on a 2% Gasser, S.M. (1996). The clustering of telomeres and colocalization
agarose gel and visualized by ethidium bromide staining. ChIP anal- with Rap1, Sir3 and Sir4 proteins in wild-type Saccharomyces cere-
ysis of telomeric DNA was performed as described above, except visiae. J. Cell. Biol. 134, 1349±1363.
cultures were not cell cycle arrested prior to induction of EcoRI Gottschling, D.E., Aparicio, O.M., Billington, B.L., and Zakian, V.A.
expression, which was carried out for 4±6 hr. (1990). Position effect at S. cerevisiae telomeres: reversible repres-
sion of Pol II transcription. Cell 63, 751±762.
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